We report on three-dimensional optical trapping of single ions in an optical lattice formed by two counter-propagating laser beams. We characterize the trapping parameters of the standing wave using the ion as a sensor stored in a hybrid trap consisting of a radio-frequency (rf), a dc, and the optical potential. When loading ions directly from the rf into the standing-wave trap, we observe a dominant heating rate. Monte Carlo simulations confirm rf-induced parametric excitations within the deep optical lattice as the main source. We demonstrate a way around this effect by an alternative transfer protocol which involves an intermediate step of optical confinement in a single-beam trap avoiding the temporal overlap of the standing wave and the rf field. Implications arise for hybrid (rf/optical) and pure optical traps as platforms for ultra-cold chemistry experiments exploring atom-ion collisions or quantum simulation experiments with ions, or combinations of ions and atoms.
We report on three-dimensional optical trapping of single ions in an optical lattice formed by two counter-propagating laser beams. We characterize the trapping parameters of the standing wave using the ion as a sensor stored in a hybrid trap consisting of a radio-frequency (rf), a dc, and the optical potential. When loading ions directly from the rf into the standing-wave trap, we observe a dominant heating rate. Monte Carlo simulations confirm rf-induced parametric excitations within the deep optical lattice as the main source. We demonstrate a way around this effect by an alternative transfer protocol which involves an intermediate step of optical confinement in a single-beam trap avoiding the temporal overlap of the standing wave and the rf field. Implications arise for hybrid (rf/optical) and pure optical traps as platforms for ultra-cold chemistry experiments exploring atom-ion collisions or quantum simulation experiments with ions, or combinations of ions and atoms. Offering unique operational fidelities and individual addressability, atomic ions in radio-frequency (rf) traps are one of the most successful and promising systems for quantum computation [1, 2] and quantum metrology [3] . Due to strong short-as well as long-range interactions in Coulomb crystals, they are also predestined for quantum simulation experiments [4] of, e.g., solidstate physics models [5] [6] [7] . However, experiments on the quantum level with ions in rf traps have been limited to the order of ten ions arranged in a linear string and a common trapping potential [8, 9] . Experimental approaches to scaling particle numbers and dimensionality of trapped-ion quantum simulations are mainly based on surface-electrode micro-trap arrays [7, [10] [11] [12] and Penning traps [13] .
Extending the recent demonstration of ion trapping in a single-beam dipole trap [14, 15] to optical lattices has been proposed [16] to offer an alternative route to scaling by combining the advantages of Coulomb interactions with the scalability and versatility that have been developed for optical lattices [17] . Such a system additionally allows for storing ions and atoms in a common trap. This may become essential [18] for ultracold atomion collision experiments [19] [20] [21] [22] because of the strong suppression of micromotion [23] . In this context optical lattices may be useful, be it to increase trap depths, store several ions/atoms in separate micro-wells or as conveyor belts [24] for individual ions/atoms.
In the past, standing waves were already used in combination with ions and rf traps to study particle dynamics [25] and were considered for preparing non-classical motional states [26] as well as implementing forces that depend on the electronic state [5, 16] . Additionally, there are proposals for quantum simulations requiring the local shaping of the trapping potential of a rf-trapped Coulomb crystal by an optical lattice [27, 28] .
Here we report on trapping single ions in an all-optical • to the z axis). Doppler cooling fluorescence light from the ion is detected with a CCD camera above the trap.
trap, where the confinement along the laser beam direction is provided by an optical lattice, while the rf trap is switched off. Fig. 1 shows a schematic of our setup. The experiments start by initializing single 24 Mg + ions (nuclear spin I = 0) in a linear rf trap (ω rf = 2π × 56 MHz) [29] . This includes the creation of an ion by photo-ionization from a thermal atomic beam and Doppler cooling to a few mK (Doppler cooling limit: 1 mK). Initially, the oscillation frequencies of the ions in the ponderomotive, i.e. timeaveraged, potential of the rf trap are ω x,y ≈ 2π × 860 kHz radially and ω z ≈ 2π × 110 kHz axially.
Two dipole trap beams are arranged in a counterpropagating configuration, providing light at a wavelength of λ = 280 nm and a power P dip ≤ 100 mW in each beam [30] . The dipole trap beams are red detuned (∆ dip ≈ −2π × 290 GHz) from the S 1/2 -P 3/2 transition. The polarization of the beams can either be tuned to {σ + 1 , σ − 2 }, denoting the non-interfering configuration where beam #1 has σ + and beam #2 σ − polarization, or both beams are σ + polarized, {σ + 1 , σ + 2 }, which allows for their interference. Coupling the S 1/2 states to the P 3/2 multiplett by the different polarization configurations relates to different light shifts and, thus, dipole potentials of different depths for identical laser intensities. To permit a direct comparison between the two configurations we consider the saturation parameter,
with a linewidth Γ = 2π × 41.8 MHz, a saturation intensity I sat = 250 mW/cm 2 , and the single-beam intensity I dip . The coupling strength is c = 1 for {σ
In the first stage of the experiment we compare the light shifts induced by a single Gaussian laser beam, {σ + 1 }, with that of two counter-propagating beams, {σ + 1 , σ + 2 }, in order to calibrate the interference of the dipole trap beams and to obtain estimates on the relevant experimental imperfections. We trap an ion in the rf trap and simultaneously induce a light shift. We then detect the fluorescence of the ion induced by an additional lowpower probe beam as a function of s dip of the dipole trap beam(s). The probe beam is σ + polarized and has an on-resonance saturation parameter s 0 ≈ 0.3. It is overlapped with one of the dipole trap beams and is (blue) detuned by ∆ probe = 2π×455 MHz ≈ 10Γ with respect to the unshifted S 1/2 -P 3/2 transition. Thus, resonance with the probe laser occurs when the light shift induced by the dipole trap beam(s) matches the detuning of the probe laser. With all lasers σ + polarized, we drive the closed cycling transition | 2 S 1/2 , m J = 1/2 ↔ | 2 P 3/2 , m J = 3/2 and the relevant energy levels reduce to a two-level system.
The results are shown in Fig. 2 . For zero s dip , the probe laser is far detuned, causing a negligible fluorescence rate. Increasing the power of the dipole trap beam(s) and, thus, s dip , provides an increasing light shift. The electronic transition approaches resonance with the probe laser, resulting in an increasing fluorescence rate. The measurement with a single dipole trap beam serves as a reference. Its maximal fluorescence rate occurs at s dip ≈ 1.28 × 10 −3 . In the measurement with {σ the probe laser. The resonance is reduced in amplitude by a factor of three and broadened towards higher s dip .
We compare the experimental results with Monte Carlo simulations (MCS) treating laser-ion interaction in rateequations [15] and relying on the ponderomotive approximation for the rf trap potential. With the assumption of a thermal initialization of the ions at T 0 = 4 mK [31] , the simulation is in good agreement with the measurement results. This confirms the formation of a standing wave at the position of the ion. The shapes and amplitudes of the resonances can be explained by the oscillations of the ion in the combined trap consisting of the rf and the optical potential. In particular, the broadened resonance in the standing-wave case as well as the shift of the fluorescence maximum to s dip ≈ 0.37 × 10 −3 in the MCS, compared to its ideal location at a quarter of the singlebeam resonance, s dip ≈ 1/4 · 1.28 × 10 −3 = 0.32 × 10 −3 , are due to the spatially averaged, and therefore reduced, light shift which the oscillating ion experiences. The experimental resonance in the standing-wave case occurs at Fig. 2) hints at an imperfect overlap of the dipole trap beams due to, e.g., beam-pointing instabilities, corresponding to an average displacement of the two beams by ≈ 1 µm. We use this result as an input for the MCSs of the optical trapping experiments discussed in the following.
In the next stage of the experiment, we switch off the rf confinement completely and measure the trapping probability for a constant trapping time as a function of s dip in optical traps formed by counter-propagating dipole trap beams, either interfering, {σ
The experimental sequence is the following: In order to optimize the transfer between rf trap and optical trap, we first carefully compensate stray electric fields (for a quantitative estimate see below). This is done by ramping down the rf potential to ω x,y ≈ 2π × 100 kHz and counteracting the displacement of the ion with appropriate dc voltages [15] . For the optical trapping attempts, we ramp up the two counter-propagating dipole trap beams and, subsequently, ramp the rf potential down to zero, each in 50 µs. After the optical trapping time T opt , the transfer protocol is reversed and the ion is detected via resonance fluorescence in case of successful optical trapping. During all steps a static electric potential in z direction (ω z = 2π × 45 kHz) is retained, such that, in the non-interfering case, the total confinement is due to the dipole plus the static electric potential. Compared to the standing-wave confinement, the contribution of the static electric potential remains negligible. According to Laplace's equation, its focussing effect along the z axis even comes at the price of a defocussing effect in at least one radial direction, which has to be overcome by the optical potentials [15] . Fig. 3 shows the trapping results for T opt = 25 µs. For both polarization configurations, at s dip = 0, and thus zero optical trap depth, the trapping probability is found to be zero, verifying that after turning off the rf trap there remain no significant residual trapping potentials. In the non-interfering case the optical trapping probability rises with increasing s dip and reaches close to P = 100 %. In the standing-wave case, the trapping probability exceeds that of the non-interfering case for s dip 0.6 × 10 −3 , but then levels off at P ≈ 80 %.
The gradual rise of optical trapping probability with increasing s dip is due to the non-zero initial temperature. For the standing-wave case, the trapping probability rises faster due to the trap depth being increased, ideally, by a factor of two. The reduced trapping probability for s dip > 1 × 10 −3 cannot be explained by laser-induced heating effects because these should remain negligible whithin this regime [32] (the explanation follows in the context of Fig. 4) .
Shown in Fig. 3 are also the results of the MCSs. These incorporate the full transfer sequence of the ion from the ponderomotive potential of the rf trap into the dipole trap (as in Ref . 15) as well as dressed-state rate equations [33] , which allow to reproduce both recoil heating and dipole-force fluctuation heating [32] .
In the non-interfering case, good agreement with the measurements is obtained, again assuming T 0 = 4 mK. The small trapping probability at s dip ≈ 0.4 × 10 −3 is reproduced assuming a constant force F = 0.5 × 10 −20 N radial to the trapping beam. This gives an estimate for the limitation of our stray-field compensation procedure and matches very well the rough calculation of F = 10 −20 N which we made in Ref.
14. The simulation in the standing-wave case, again with T 0 = 4 mK, reproduces the faster rise at small s dip . However, it also predicts P ≈ 100 % for s dip > 1.5 × 10 −3 , which is not observed in the experiment.
Remarkably the harmonically approximated oscillation frequency along the standing-wave direction reaches
To reveal the causal link between the reduced trapping probabilities and the rf field, we modify the previous (direct transfer) protocol of loading the ion from the rf trap into the standing-wave trap: We insert the transfer into a singlebeam optical trap and ramp up the second dipole trap beam only after the rf amplitude has been ramped down to zero (indirect transfer). Thus, we avoid the temporal overlap of standing wave and rf field.
The results for single-beam saturation parameters of the increase of s dip leads to a decrease of the trapping probability to below 60 %. In contrast, with the indirect transfer, we significantly increase the trapping probability, e.g. by 30 % at s dip = 2.8 × 10 −3 . Still, these results represent a lower bound to the actual improvement since additional losses occur during the single-beam trapping phase with s dip ≈ 2.8 × 10 −3 and the increase of the optical trapping time to T opt = 100 µs, as required for the extended protocol. Fig. 4 also shows results of MCSs that incorporate the time-dependent rf potential. For the direct transfer, the drop in trapping probability for 1.5 × 10 −3 < s dip < 3 × 10 −3 is reproduced well. For the indirect transfer we retrieve the significantly increased trapping probabilities. This is evidence that the observed reduction in trapping probability for the direct transfer is mainly due to excitation of the ion motion within the stiff potential of the standing wave by the rf driving field: ω dip approaching ω rf /2 leads to increasing parametric excitations. This may also explain results we obtained with hybrid traps consisting of the rf potential and red-or blue-detuned standing waves, where the optical trapping probability deteriorated compared to the exclusively optical confinement described above. For both transfer protocols of Fig. 4 , the observed trapping probabilities remain below the simulation results. This, presumably, is a result of additional experimental imperfections. For the direct loading, for example, spatially not perfectly overlapped traps (offset d) lead to additonal micromotion during transfer, which amplifies the parametric excitation. In fact, by adapting the MCS parameters to F = 1.5 × 10 −20 N and d = 0.35 µm × e x , very good agreement between simulation and experiment can be reached (gray lines in Fig. 4) .
Our results might have to be considered in future experiments, in particular for hybrid (rf/optical) traps such as those currently used [20] [21] [22] and proposed [18] for ultra-cold atom-ion collision experiments or quantum simulations [27, 28] . Apart from the method of indirect loading, demonstrated here, possible ways to minimize rf heating of the ion are high radio frequencies, far beyond the oscillation frequencies in the lattice, and/or low oscillation frequencies in the lattice due to longer wavelengths. A standing wave aligned with the rf trap axis could reduce rf-induced parametric heating by minimizing the projection of rf forces on the standing-wave direction. If a blue-detuned laser was used, recoil heating could be suppressed as well. Enhanced laser intensities without optical lattices and the pertinent heating effects could be achived with optical ring resonators. Apart from their application in hybrid traps, optical lattices for ions, or ions and atoms, are themselves a promising system, for example to combine Coulomb or charge-exchange interactions with scalability for quantum simulation experiments as discussed in Refs. 16, 14 and 7. To avoid temporal overlap between rf and optical lattice during loading from a rf trap, turning off the rf drive faster would be advantageous. However, the ring-down time of the rf resonance circuit has to be considered as well as additional heating effects in case of non-adiabatic changes of the potentials. The limitations of our experiment in terms of lifetimes in the optical ion traps can be overcome by using high-power, far-off-resonance lasers, although the need for high powers may be reduced by employing optical cavities.
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